Heterochromatin assembly, involving methylation of histone H3 lysine 9 (H3K9me), regulates various chromosomal processes. In fission yeast, heterochromatin targeted to specific repeat loci in an RNAi-dependent manner spreads across extended domains to exert regional epigenetic control. The Clr4 methyltransferase complex (ClrC) is responsible for nucleation and spreading of heterochromatin; however, its recruitment to heterochromatic repeats is poorly understood. Here we demonstrate that ClrC components are distributed throughout heterochromatic domains. To nucleate heterochromatin, Rik1, a WD domaincontaining subunit of ClrC, is loaded onto the transcribed repeats via RNAi machinery including the RNA-induced transcriptional silencing (RITS) complex. Furthermore, we show that the chromodomain of Clr4 binds specifically to H3K9me that is essential for the spreading of heterochromatin. Our analyses delineate sequential steps for the assembly of heterochromatic domains and suggest that the ability of Clr4 to both 'write' and 'read' H3K9me facilitates heterochromatin maintenance through successive cell divisions.
Higher-order chromatin structures that underlie almost all aspects of chromosome behavior are essential for the functional organization of eukaryotic genomes. The formation of heterochromatin at developmentally regulated loci and at repetitive DNA elements such as transposons has a crucial role in epigenetic gene control, suppression of recombination and proper segregation of chromosomes during cell division [1] [2] [3] . Heterochromatin has the unique abilities to spread and to serve as a multipurpose platform for the recruitment of diverse regulatory proteins, thereby influencing gene expression and other chromosomal processes in a region-specific, sequence-independent manner 2, 4 . Heterochromatic structures are recapitulated during chromosome replication and seem to be inherited through cell division in a clonal, metastable fashion [5] [6] [7] [8] . The mechanisms facilitating the inheritance of heterochromatic structures are not fully understood. Misregulation of such processes is believed to cause developmental defects and might contribute to cellular transformations 9 .
In the fission yeast Schizosaccharomyces pombe, the heterochromatic mark H3K9me and its interacting protein Swi6 (a HP1 family protein) are localized to large chromosomal domains at the silent mating-type (mat) locus, the pericentromeric regions and the subtelomeres 2, 10 . These loci contain a specific class of repeat elements (dg and dh) that serve as RNAi-dependent heterochromatin nucleation centers 6, 10, 11 . RNA polymerase II (RNAPII) transcription of repeat elements generates transcripts that are converted into small interfering RNAs (siRNAs) by RNA interference (RNAi) machinery including Argonaute (Ago1), RNA-dependent RNA polymerase (Rdp1) and Dicer (Dcr1) 10, [12] [13] [14] [15] [16] [17] . siRNAs bind to the RITS complex, which consists of Ago1, Tas3 and the chromodomain protein Chp1, to facilitate the loading of RNAi and heterochromatin factors 18 . This process, which is coupled to preferential RNAPII transcription of repeat elements during S phase 19 , directs H3K9me to the targeted chromatin regions. H3K9me then provides binding sites for the loading of Swi6 and Chp2, two chromodomain proteins essential for the assembly of heterochromatic structures 10, [20] [21] [22] . H3K9me further allows RITS to stably associate with heterochromatic regions via the chromodomain of Chp1 (ref. 23 ). In the current model, a selfreinforcing loop mechanism in which chromatin-bound RITS recruits factors such as Rdp1 enables the RNAi machinery to act as a stable component of heterochromatin that processes repeat transcripts into siRNAs, which are required for further stabilization of heterochromatin 15, 23 .
Studies at the S. pombe mat locus have shown that heterochromatin nucleated at specific sites-either via the RNAi machinery acting through the dg-and dh-like element cenH or via DNA binding factors bound to silencer DNA elements-spreads across extended domains 2, 6, 23, 24 . Spreading of heterochromatin is essential for various chromosomal processes including long-range chromatin interactions and silencing of developmentally regulated mat loci 2 . Once assembled, the heterochromatic state is inherited in cis during mitosis, and remarkably even through meiosis, as a Mendelian-like marker 6, 7 . It
RESULTS

ClrC localizes throughout heterochromatic domains
To gain further insights into the roles of ClrC subunits in heterochromatin assembly, we mapped their genomic distributions by performing chromatin immunoprecipitation (ChIP) coupled with DNA microarray analysis (ChIP-chip). These experiments showed Clr4, Raf1, Raf2, Rik1 and Cul4 enrichments at major heterochromatic loci such as preicentromeric regions, subtelomeres, ribosomal DNA (rDNA) and the silent mat locus ( Fig. 1 and Supplementary Fig. 1 online), consistent with the involvement of ClrC in H3K9me at these loci 10 . Furthermore, we detected low levels of ClrC binding at several euchromatic sites, including noncoding RNAs, intergenic regions and meiotic genes (Fig. 1) . The binding of ClrC components at these loci is reminiscent of the localization of heterochromatin factors at euchromatic loci in the genomes of higher eukaryotes 1, 39, 40 and may suggest a potential involvement of ClrC in modifying chromatin at these loci. We noticed that some ClrC components localize to several sites, seemingly unaccompanied by other components (Fig. 1) . This observation might reflect the dynamic nature of ClrC or indicate that these factors are recruited independently in certain chromosomal 1,000 2,000 3,000 4,000 5,000
1,000 1,000 2,000 2,000 3,000 3,000 4,000 4,000 1,000 2,000 3,000 4,000 1,000 2,000 3,000 4,000 5,000 Figure 1 Chromosome distribution profiles of ClrC components. Schematic diagrams of S. pombe chromosomes showing major heterochromatin domains. Genome-wide distribution profiles of ClrC components were determined by ChIP-chip. Relative fold enrichments of Flag-Clr4, Flag-Raf1, Raf2-Myc, Rik1-Myc and Flag-Cul4 are plotted in alignment with the map of each chromosome. Notable binding peaks are indicated. Peaks corresponding to noncoding RNAs and meiotic genes such as ste4 are indicated. Enrichments at mae1 and mae2 meiotic genes, marked by asterisks, might reflect crosshybridizations of these loci to subtelomeric sequences. Similarly, ura4 peak reflects cross hybridization of endogenous ura4 + to otr1::ura4 + marker carried in the strain used for ChIP analysis. cen, centromere; mat, mating-type region; tel, subtelomeres.
contexts. The enrichment levels of Cul4, which shows broad chromosomal distribution consistent with its roles in various cellular pathways 41 , were relatively low compared to the levels of other ClrC subunits. This result may reflect either lower occupancy or a more peripheral chromatin association of Cul4 that is not efficiently detected by ChIP. In any case, Cul4 could be reproducibly detected at heterochromatic loci ( Supplementary Fig. 2 online) .
Detailed analysis showed that, at centromeres, high levels of ClrC were confined to the outer repeat (otr) region, which contain dg and dh repeats as well as a portion of the innermost repeats (imr). On both sides of these heterochromatic domains, there was a sharp decrease in ClrC localization ( Supplementary Fig. 1a ) that coincided with the previously described boundary elements 2 . At the mat locus, all subunits of ClrC were preferentially enriched across a 20-kb heterochromatic domain surrounded by the inverted repeat (IR) boundaries ( Supplementary Fig. 1b) . A similarly broad distribution of Clr4, Raf1, Raf2, Rik1 and Cul4 was also observed across a B40-kb domain at the subtelomeric regions ( Supplementary Fig. 1c ). In addition, we observed substantial enrichment of ClrC subunits, in particular Rik1 and Raf2, at the subtelomeric regions of chromosome III, which contain tandem arrays of rDNAs ( Fig. 1) , sites that are also targeted for heterochromatin formation 10 .
Rik1 loading at heterochromatic repeats
We have previously suggested that Rik1 may serve to target Clr4 and the Cul4-dependent ubiquitination machinery to heterochromatic repeats 35 . In support of this model, cells carrying mutant Cul4 (cul4-1) are defective in recruitment of Clr4, but the targeting of Rik1 is not affected 35 . To determine whether Rik1 acts upstream of the loading of other ClrC components at the repeat elements, we examined the localization of different subunits of the complex in the cul4-1 mutant using ChIP (Fig. 2) . The levels of Clr4, Raf1 and Raf2 at the cenH element located at the mat locus were reduced in cul4 mutant cells (Fig. 2a) , although protein levels of these factors remained unchanged in the cul4-1 background 35 (data not shown). In contrast, Rik1 was retained at cenH in cul4 mutant cells, and its levels at this site were in fact higher in mutant cells than in wild-type cells (Fig. 2a) . Similar results were obtained when the localization of ClrC subunits was assayed at a ura4 + reporter gene inserted at centromeric repeats (otr1::ura4 + ; Fig. 2b ). On the basis of these data, Rik1 seems to act upstream of other ClrC components and could have a role in targeting ClrC to the heterochromatic repeats.
RNAi-dependent loading of Rik1 at transcribed repeat loci RNAPII transcription of heterochromatic repeats is thought to be essential for the generation of siRNAs and for RNAi-mediated targeting of heterochromatin [11] [12] [13] [14] 23 . cul4-1 cells show upregulated transcription of heterochromatic repeats 35 , correlating with markedly increased siRNA levels (Fig. 2c) . We therefore reasoned that the observed increase in Rik1 levels at the repeat loci in these cells might be functionally linked to the RNAi process. Indeed, Rik1 was found delocalized from heterochromatic repeats in cul4 dcr1 doublemutant cells (Fig. 2d) , suggesting that RNAi processes are involved in Rik1 loading at heterochromatic repeats. To further investigate the role of RNAPII transcription and siRNAs in Rik1 loading, we tested whether deletion of the SHREC subunit Clr3, which participates in heterochromatic transcriptional silencing 28 , also causes elevated Rik1 Anti-Flag Figure 3 ClrC interacts with RITS. (a) Rik1-TAP purification was followed by silver staining and western blotting using anti-Chp1 antibody. (b) Tas3-dependent interaction of Clr4 with Chp1. Immunoprecipitation (IP) using anti-Flag antibody was followed by western blotting using the indicated antibodies. Note a longer exposure time was used to obtain the image shown for the anti-Flag input blot compared to the Flag IP blot. Asterisks indicate nonspecific bands.
levels at repeat loci. Indeed, loss of Clr3 resulted in increased Rik1 loading at pericentromeric repeats (Fig. 2d) . As expected, enhanced Rik1 localization correlated with elevated levels of siRNAs corresponding to dg and dh repeats in clr3 mutant cells (Fig. 2c) . No Rik1 enrichment was detected in clr3 dcr1 double-mutant cells (Fig. 2d) .
As mentioned above, heterochromatin factors, including ClrC, coat an extended 20-kb domain at the silent mat locus 10 ( Supplementary  Fig. 1b) . To explore the effects of mutations in cul4 or clr3 on Rik1 localization across the entire silenced domain, we carried out highresolution ChIP with primers distributed across the whole region, as described previously 23 . These experiments showed elevated Rik1 levels specifically at the transcribed cenH element, the RNAi-dependent heterochromatin nucleation center, in both mutants compared to wild-type cells ( Fig. 2e and Supplementary Fig. 3 online) . Increased Rik1 binding correlated with elevated transcription 28, 35 and RNAPII occupancy at the cenH element in clr3 and cul4 mutants ( Fig. 2e and Supplementary Fig. 4 online) . Such an increase, however, was not observed in surrounding nontranscribed regions, which in general showed lower Rik1 binding in the mutant background (Fig. 2e) . Collectively, these findings suggest that Rik1 is loaded onto heterochromatic repeats in an RNAi-dependent manner, which has important implications for the nucleation of heterochromatic structures.
Rik1 targeting requires Ago1 and Rdp1 catalytic functions
The RNAi factors Ago1 and Rdp1 have slicer and RNA-dependent RNA polymerase (RdRP) activities, respectively. These factors are essential for the processing of repeat transcripts into siRNAs [14] [15] [16] [17] . We investigated whether the Ago1 and RdRP enzymatic activities are required for Rik1 targeting to the heterochromatic repeats. For this purpose, we carried out ChIPs using strains carrying mutations in the catalytic site of Ago1 (ago1 D580A ) or Rdp1 (rdp1 D903A ) to investigate Rik1 localization at cenH and the otr1::ura4 + reporter gene. Ago1 D580A and Rdp1 D903A mutant proteins are expressed at levels comparable to those of wild-type proteins, but they are defective in their catalytic functions 15, 17 . Our experiments showed that the slicer activity of Ago1 and the RdRP activity of Rdp1 are crucial for Rik1 loading, as no Rik1 enrichment could be detected at heterochromatic loci in mutant strains ( Supplementary Fig. 5 online) . Loss of Rik1 ChIP enrichment at cenH in ago1 and rdp1 mutants is particularly surprising, as both these factors, unlike Rik1, are dispensable for silencing at the mat locus 6, 42, 43 . However, as mentioned above, heterochromatin assembly at this locus involves redundant nucleation mechanisms 42, 43 . In addition to RNAifacilitated tethering of Rik1 to cenH (this study), DNA binding factors are believed to recruit ClrC to assemble heterochromatin 42 .
ClrC interacts with RITS siRNAs bound to Ago1 are thought to target RITS by base-pairing with nascent repeat transcripts to trigger heterochromatin assembly 14, 18 , although the exact mechanism of this process is not known. RNAi-dependent localization of Rik1 and the fact that Rik1 recruitment to repeat loci coincides with RITS loading during S phase of the cell cycle 19 prompted us to investigate the possible interactions of these factors. Extracts prepared from cells expressing epitope-tagged Rik1 (Rik1-TAP) were subjected to tandem-affinity purification. Western blot analysis showed that Chp1 (a RITS subunit) copurified with Rik1 but not with fractions purified from untagged control extracts (Fig. 3a) . To further confirm these results, we performed coimmunoprecipitation experiments with extracts from cells expressing Flag-tagged Clr4 (Flag-Clr4) and found that Flag-Clr4 interacted with Chp1 (Fig. 3b) . This interaction was abolished in cells lacking Tas3 (Fig. 3b) , a RITS Fig. 7) . The relative fold enrichments in the indicated strains are plotted.
subunit that bridges Chp1 to Ago1 (ref. 44 ). Therefore, RITS may directly facilitate ClrC targeting to heterochromatic repeats.
Clr4 chromodomain binds H3K9me in vitro
Clr4 contains a chromodomain motif 32 that is essential for efficient methylation of H3K9 at heterochromatic loci 31 . However, the precise function of the Clr4 chromodomain in the assembly of heterochromatic structures has not been investigated. We tested whether the chromodomain of Clr4 binds methylated histones in a similar way to the HP1 proteins 45 . Fluorescence polarization binding assays were carried out using recombinant Clr4 chromodomain and a series of modified histone peptides corresponding to known sites of histone methylation. The Clr4 chromodomain bound specifically to H3K9me but did not bind to H3K4me, H3K27me, H3K36me or H4K20me (Fig. 4a) . Much stronger binding was observed for trimethylated H3K9 (H3K9me3), which is preferentially enriched throughout the heterochromatic domains in the S. pombe genome ( Supplementary  Fig. 6 online) , as compared to the mono-or dimethylated counterparts ( Fig. 4b and Supplementary Table 1 online) . Similar findings were obtained for the full-length proteins (Supplementary Table 1) . Moreover, phosphorylation of serine 10 (H3S10Ph) adjacent to H3K9me3 interfered with the binding of Clr4 to the H3 tail (Supplementary Table 1 ), which is consistent with a reduction in ClrC levels at heterochromatic regions during mitosis, coincident with increased H3S10Ph at these loci 19 . We also found that recognition of the H3K9me3 mark by Clr4 was severely affected by W31G and W41G mutations (Fig. 4c) , which target conserved residues within the aromatic cage of the chromodomain 46 . Together, these data suggest that Clr4 might not only write but also read the H3K9me mark.
Clr4 binding to H3K9me facilitates spreading of ClrC
The interaction of Clr4 with H3K9me could have implications for stable binding of ClrC at heterochromatic loci. We tested this possibility by performing ChIP using strains expressing a single copy of either wild-type or K9R mutant histone H3 (ref. 47 ). The H3K9R mutation markedly reduced the localization of ClrC subunits Clr4, Rik1, Raf1 and Raf2 to the centromeres and the mat locus (Fig. 5a,b) . Similarly, we found that the clr4 W31G mutation resulted in diminished enrichment of ClrC subunits at both centromeres and the mat locus (Fig. 5c,d) . Therefore, binding of the Clr4 chromodomain to H3K9me is required for the stable association of ClrC to heterochromatic loci.
We next tested whether Clr4 binding to H3K9me has a role in the spreading of ClrC from nucleation sites to surrounding areas. A highresolution map of ClrC subunit Raf2 across the silent mat locus of wild-type and clr4 W31G mutant cells was created using ChIP. Whereas Raf2 was distributed throughout the 20-kb heterochromatic domain in wild-type cells, its localization was mainly restricted to the cenH element in clr4 W31G mutant cells (Fig. 5e and Supplementary Fig. 7 online). This observation is consistent with the restricted localization of H3K9me at the nucleation site in these cells 23 . Together, these data indicate that ClrC, which is initially targeted to the cenH element via the RNAi machinery, can spread to adjacent areas through binding of the Clr4 chromodomain to H3K9me.
Heterochromatin maintenance requires Clr4 chromodomain
We next investigated whether Clr4 binding to H3K9me has a role in maintenance of heterochromatin through successive cell divisions. We have shown previously that replacement of the cenH-containing region with ura4 + (KD::ura4 + ) results in a metastable locus with alternative silenced (ura4-off) and expressed (ura4-on) epigenetic states, arising from defects in the establishment of heterochromatin 7 . Once established, however, the ura4-off state is remarkably stably inherited in cis 6, 7 . Moreover, the inheritance of the ura4-off state is linked to the maintenance of high levels of H3K9me and Swi6 at the locus 6, 7 . Our experiments suggest that the cis inheritance of the heterochromatic state in ura4-off cells requires Clr4 binding to H3K9me. When we crossed the KD::ura4 + allele carrying the ura4-off state into the background of the clr4 W31G mutation, the heterochromatic state was lost, as indicated by a severe reduction in H3K9me and Swi6 levels at the mat locus (Fig. 6a) . Notably, loss of heterochromatin in clr4 W31G cells correlated with conversion of the ura4-off to the ura4-on epigenetic state (Fig. 6b) . This result suggests the ability of Clr4 to both catalyze H3K9 methylation and bind to H3K9me may provide a mechanism for the inheritance of preassembled heterochromatic structures.
DISCUSSION
Heterochromatin assembly, which serves as a model for understanding the formation of heritable higher-order chromatin structures, is a complex process that involves at least three distinct phases: initiation, spreading and maintenance. Studies in different experimental systems have identified a conserved set of factors, including histone-modifying enzymes and structural proteins that work together to assemble heterochromatin 1, 5, 8 . Our genetic and biochemical studies define the contributions of ClrC subunits in heterochromatin formation across extended chromosomal domains in the S. pombe genome.
Our analyses suggest that Rik1 is a crucial factor involved in RNAimediated targeting of ClrC to heterochromatic repeat elements. First, we found that, despite a considerable reduction in the localization of the other ClrC subunits in a cul4 mutant, Rik1 levels at heterochromatic repeats were markedly elevated, correlating with enhanced siRNA levels and RNAPII transcription of repeat loci. These findings indicate that loading of Rik1 is coupled to the RNAPII transcription of centromeric repeat elements. Second, we showed that mutations in RNAi factors that abolish production of siRNAs caused defects in targeting of Rik1 to the transcribed repeat elements, suggesting that RNAi is involved in chromatin loading of Rik1. Third, components of ClrC including Rik1 were found to interact with the RITS complex, which is implicated in siRNA-mediated recruitment of the heterochromatin machinery. These results together with previous findings showing that Rik1 is targeted to heterochromatic repeats coincident with Ago1 during S phase of the cell cycle 19 suggest the following model for RNAi-mediated heterochromatin nucleation (Fig. 7) . siRNA-bound Ago1 is likely to provide specificity for targeting RITS to nascent repeat transcripts in a manner similar to the binding of the RNA-induced silencing complex (RISC) RNAi effector to mRNA targets 48 . RITS in turn facilitates ClrC localization. In addition to ClrC interaction with RITS, Rik1 could also directly associate with the repeat transcripts and/or the elongating RNAPII machinery, thus promoting ClrC localization to nucleate heterochromatin. In this model, components of the RNAPII elongation complex might provide a framework for promoting interaction between ClrC and RITS bound to nascent transcripts via siRNAs. This might occur in a manner analogous to the recruitment of Set1 and Set2 histone methyltransferases by the elongating RNAPII to modify chromatin in the transcribed regions of genes 49 . Once recruited, H3K9me and its associated factors spread along the chromatin fiber beyond the original nucleation site 6 . Although cotranscriptional processes involving RNAi might account for local diffusion of heterochromatin 4, 16 , these mechanisms cannot explain long-range spreading of heterochromatin across large chromosomal domains. The results presented here show that binding of Clr4 to H3K9me via its chromodomain is crucial for the spreading of heterochromatic structures. Clr4 bound to H3K9me probably modifies adjacent nucleosomes creating additional binding sites for loading of ClrC and other chromodomain proteins, thus allowing spreading to occur in a step-wise manner (Fig. 7) . However, it is unlikely that the Clr4-H3K9me interaction alone is sufficient to bring about the spreading of heterochromatin complexes. As also observed for Swi6 (ref. 20) , the binding of Clr4 to H3K9me is weak. As Swi6 has been shown to promote spreading in a dosage-dependent manner 6 , we favor a view where Swi6 bound to H3K9me directly or indirectly stabilizes ClrC chromatin localization. Indeed, in other systems interaction of Suv39-HP1 (ref. [50] [51] [52] , besides targeting H3K9me, is necessary for localization of these factors to heterochromatic loci 52 . In addition to stabilizing Clr4 binding to H3K9me, Swi6 could further contribute to long-range spreading of heterochromatin by promoting higher-order chromatin organization via oligomerization of its chromoshadow domain 53 . Furthermore, Swi6, along with another chromodomain protein, Chp2, mediates recruitment of factors such as the SHREC chromatin modifier 28 (B. Cui and S. Grewal, unpublished observations) implicated in spreading of heterochromatin 2, 28 .
Given the requirement for Clr4 binding to H3K9me in maintenance of heterochromatin, a mechanism similar to the one proposed above for spreading might also account for the recapitulation of the specific chromatin configuration following DNA replication. During chromosome replication, the histones originally present are distributed randomly to the daughter chromatids 54 . This potentially leads to 'dilution' of H3K9me nucleosomes in the chromatin as new histones are incorporated. The binding of Clr4 to H3K9me might recruit ClrC to adjacent newly assembled nucleosomes, thus promoting the re-establishment of the parental histone-modification pattern as well as clonal propagation of heterochromatic structures in cis. This process is probably also facilitated by Swi6 or HP1 proteins that interact both with histone modifiers 50, 51 and with factors involved in replication-coupled chromatin assembly, such as chromatin assembly factor 1 (CAF1) 55, 56 . Other histone chaperones such as histone regulator A (HIRA), implicated in heterochromatic silencing 57 , are also likely to be involved in this process. Regardless of the detailed mechanism, we note that the ability of Clr4 to both write and read the H3K9me mark underlies the propagation of heterochromatic structures.
Considering that Clr4 (Suv39h) and Swi6 (HP1) proteins are conserved in multicellular organisms, a similar mechanism may also operate in other species. In this regard, we note that Suv39h also contains both writing (SET domain) and reading (chromodomain) modules 58 . Indeed, H3K9 methyltransferases that regulate expression of specific loci but lack a chromodomain seem incapable of mediating heterochromatin spreading 45, 58 . Therefore, our results showing a role for the Clr4-H3K9me interaction in the spreading of heterochromatin may have implications for understanding the basis for genespecific versus long-range effects of heterochromatin in different chromosomal contexts.
Future investigations into the assembly and maintenance of heterochromatin in S. pombe are expected to have wide-ranging implications for our understanding of chromatin-directed and noncoding RNAdirected epigenetic mechanisms in the developmental regulation of gene expression and other chromosomal processes. In this regard, we note that Cul4-based ubiquitin E3 ligases, which regulate various cellular functions such as DNA replication and the DNA damage response, form complexes with multiple WD domain proteins essential for histone methylation and epigenetic gene regulation in higher eukaryotes 59 .
METHODS
Strain constructions. Raf2-(13Â)Myc strain was constructed with a PCR-based method. For generating (3Â)Flag-Raf1 strain, the KanMX marker gene was first integrated at the 3¢ UTR region of raf1 + . We cloned a fragment containing the Figure 7 Model showing RNAi-mediated nucleation and spreading of heterochromatin. RNAi factors such as RITS, RDRC and Dicer, involved in processing of repeat transcripts (red line) into siRNAs, are required for targeting of ClrC to the heterochromatic repeats. siRNA-bound Ago1 is likely to specify the targeting of RITS to nascent repeat transcripts. RITS then facilitates ClrC loading. Rik1 might also directly associate with the repeat transcript and/or some part of the elongating RNAPII complex, thus promoting ClrC loading to nucleate heterochromatin. After the initial methylation of H3K9 by ClrC, Clr4 bound to H3K9me could modify adjacent nucleosomes creating additional binding sites for ClrC and other chromodomain proteins including Swi6 and Chp2 (HPs), which in turn mediate recruitment of factors such as SHREC, thereby promoting higher-order chromatin organization. Swi6 could further contribute to long-range heterochromatin spreading by promoting higher-order chromatin organization by forming oligomers and stabilizing the ClrC binding to chromatin. Boundary DNA elements block inappropriate spreading of heterochromatin into euchromatic regions. Green flag, histone acetylation; red lollipops, H3K9me.
raf1 gene with KanMX integrated at its 3¢ UTR into the pCR-Blunt II-TOPO vector (Invitrogen) to generate pCR-TOPO-raf1-C-KanMX. A (3Â)Flag-tag sequence was inserted at the 5¢ end of the raf1 gene of pCR-TOPO-raf1-C-KanMX plasmid to create pCR-TOPO-3X Flag-raf1-C-KanMX. A strain expressing functional Flag-Raf1 was constructed by transforming the (3Â) Flag-raf1-C-KanMX cassette into a wild-type strain, followed by selection for G418 positive colonies, which were subjected to DNA sequencing to confirm proper insertion of (3Â)Flag-raf1. (3Â)Flag-Clr4, (3Â)Flag-Cul4 and Rik1-(13Â)Myc strains used in this study were described previously 35 . We used standard genetic crosses to construct all other strains.
Chromatin immunoprecipitation and ChIP-chip. ChIP and ChIP-chip analyses were performed as described previously 10 using antibodies against Swi6 (ref. 7) ; di-or tri-methylated H3K9 (Upstate); Flag (M2, Sigma); Myc (Covance and Santa Cruz); RNAPII (8WG16, Covance). ChIP-chip data are available at the US National Center for Biotechnology Information Gene Expression Omnibus (NCBI GEO) under the accession number GSE10561.
Binding assays. We carried out binding assays with recombinant His-Clr4 chromodomain or full-length His-Clr4 and GST-Clr4 proteins purified by affinity chromatography and gel filtration using procedures described previously 60 . The peptides used were: H3 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) H 2 N-ARTKQTARKSTGGKAY-COOH with unmodified K9, or modified K9me1, K9me2 and K9me3; H3 (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) H 2 N-QLATKAARKSAPATGGVY-COOH K27me3; H3 (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) H 2 N-SAPA TGGVKKPHRYRPY-COOH K36me3; and H4 (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) H 2 N-KGGAKRHRKVLR DNIQ-COOH K20me3. The identity of all peptides was verified by MALDI-MS.
Protein purification and immunoprecipitation. For Rik1 purification, cells harvested from 2-liter cultures (optical density at 595 nm (OD 595 ) ¼ 3.5) were suspended in K buffer (20 mM HEPES at pH 7.4, 350 mM KCl, 0.1% (v/v) Tween-20, 1 mM DTT) containing complete protease inhibitors (Roche) and PMSF (1 mM). All subsequent steps were performed at 4 1C. Cells were ground with 40 g of glass beads using a Puluerisette 6 system. The program was set up as power 500, 4 min, two repeats with 1 min rest interval. Beads and lysate was transferred into a 50-ml syringe and pressed into Falcon tubes. Cell debris was removed by centrifugation at 3,000 Â g for 10 min, and lysate was cleared by centrifugation at 27,000 Â g for 1 h. The cleared lysate was incubated with 200 ml IgG Sepharose (Amersham) for 2 h at 4 1C. Beads were washed by gravity flow-through with 10 ml K buffer, followed by 10 ml K buffer containing 500 mM KCl. Bound proteins were eluted from the beads by rocking overnight in 300 ml K buffer containing 4 mg TEV protease (Invitrogen). The TEV eluate was precipitated by trichloroacetic acid (TCA), and the protein pellet was dried and resuspended in 50 ml 1Â SDS loading buffer. The Flag-Clr4 immunoprecipitation was performed as described 35 with minor modifications. Cells harvested from 2-liter cultures (OD 595 ¼ 3.5) were suspended in 2Â HC buffer (300 mM HEPES at pH 7.4, 100 mM KCl, 2 mM EDTA, 0.2% (v/v) Nonidet P-40, 2 mM DTT) containing complete protease inhibitors (Roche) and PMSF. Cell extracts were made by grinding 25 ml of suspended cells with 40 g glass beads using a Puluerisette 6 system. The cleared lysate was incubated with 100 ml anti-Flag agarose (M2, Sigma) for 2 h at 4 1C. Beads were washed by gravity flow-through with 10 ml 1Â HC buffer (300 mM HEPES at pH 7.4, 250 mM KCl, 1 mM EDTA, 0.1% (v/v) Nonidet P-40, 1 mM DTT), followed by 10 ml AC buffer (20 mM HEPES at pH 7.4, 250 mM KCl, 2 mM MgCl 2 , 1 mM EGTA, 0.1% (v/v) Nonidet P-40, 1 mM DTT). Bound proteins were eluted twice from the beads by rocking for 1 h in 150 ml AC buffer containing 300 mg ml -1 of Flag peptide (Sigma). Immunoprecipitated fractions and the equivalent of 5% of the input extracts were analyzed by western blot using anti-Chp1 (Abcam) and anti-Flag (M2, Sigma) antibodies.
RNA analysis. We carried out northern blot analysis for detecting siRNAs as previously described 28 .
Note: Supplementary information is available on the Nature Structural & Molecular Biology website.
